Introduction
The vertebrate skeleton develops from a template that is initially constructed of cartilage. The formation of this template is controlled by a series of interdependent steps that supply spatial information and morphogenic cues that direct mesenchymal cell condensation and differentiation in a process known as chondrogenesis. Mesenchymal cells derived from the lateral plate mesoderm condense to form the rudiments of the appendicular skeleton. The processes that control the condensation of mesenchyme are poorly understood. Cell-cell adhesion certainly contributes to mesenchymal cell condensation as demonstrated in studies showing that homotypic interactions of Ncadherin are required during chondrogenesis (1, 2) . In addition, a number of extracellular signaling molecules have been proposed to regulate chondrogenesis by regulating both condensation and differentiation. WNTs (3), fibroblast growth factors (4), sonic hedgehog (5), and bone morphogenetic proteins (BMPs) (6) (7) (8) all contribute to chondrogenesis. Increasing evidence indicates that BMPs have a central role in this process. For example, loss of function experiments using dominant negative BMP receptors suppresses chondrogenesis during chicken limb development (9, 10) .
Conversely, overexpression of BMPs or activated BMP receptors dramatically augments chondrogenesis during limb development (10, 11) . These data suggest that elucidating pathways that control BMP expression will be vital to understanding chondrogenesis.
Intracellular calcium ([Ca
] i ) is a universal intracellular signal that intersects with many signaling molecules to regulate gene expression (12 Western Blotting-Cells were lysed in 1% SDS, 10 mM dithiothreitol, 50 mM Tris pH 6. Adenoviruses-Adenoviral constructs were made as previously described (21).
Recombinant adenoviruses Smad6, dominant negative ALK6KR, and dominant negative Statistical Analysis-Statistical comparisons were done using an unpaired Student's t-test.
The null hypothesis was rejected for P < 0.05.
Results
Chondrogenesis can be modeled by assessing the development of cartilage from limb bud mesenchyme derived from mouse embryos. In this assay limb buds are excised from 11.5 dpc embryos, cell suspensions prepared by proteolysis and the suspension plated at high density in cell culture. To determine the effects of intracellular calcium on the development of cartilage, we investigated the effects of the calcium ionophore, ionomycin, on the differentiation of limb bud mesenchyme. Interestingly, we found that ionomycin significantly activated chondrogenesis (Fig. 1A ). Ionomycin produced a 2.5-fold increase (P = 0.002) in the number of alcian blue staining nodules of cartilage.
Increased chondrogenesis was also evidenced by indirect immunofluoresecnce for collagens type II (Fig. 1B ) and type X (Fig. 1C) . Significantly, cyclosporine A (CsA) inhibited cartilage development both in the presence and absence of ionomycin (Fig. 1A) .
Because CsA inhibits calcineurin, this finding implicated the calcium-calmodulin dependent phosphatase as an essential regulator of chondrogenesis, even in the absence of the calcium ionophore. To further examine the effects of intracellular calcium and calcineurin on chondrogenesis, we studied the effects of ionomycin on gene expression in the chondrocytic mesenchymal cell line RCJ3.1C5.18 (RCJ). These cells differentiate into chondrocytes (22) and can simulate chondrogenesis ex vivo. We studied the effect of ionomycin on aggrecan expression because aggrecan is an early-expressed and essential cartilage-specifc proteoglycan. Consistent with the effects of ionomycin on limb bud mesenchyme, we found that ionomycin strongly induced aggrecan gene expression ( (Fig. 2B ). These data indicate that calcineurin activates chondrocyte differentiation. To directly test this, we studied the effect of an activated calcineurin on aggrecan gene expression in RCJ cells. A truncated, calciumcalmodulin independent calcineurin A (26) induced aggrecan gene expression when transduced into RCJ cells using a recombinant adenovirus (Fig. 2C) . Similarly, adenoviral transduction of activated calcineurin into limb bud mesenchyme augmented chondrogenesis (Fig. 2D ). Activated CnA adenovirus produced a 1.7-fold increase (P = 0.01) in alcian blue stained cartilage nodules, relative to β-galactosidase control.
These results suggested that certain calcineurin substrates induce chondrogenesis.
Because the calcineurin substrate, nuclear factor of activated T-cells (NFATc2) can repress aberrant differentiation of juxta-articular soft tissues (27) , we hypothesized that other NFAT family members induce chondrogenesis in response to calcium. We examined NFAT4 because it is broadly expressed and has been found to regulate mesenchymal cells (21, 28, 29) . Western blots showed NFAT4 protein in both RCJ cells and limb bud mesenchyme (Fig. 3A) . In limb bud mesenchyme, we observed hypophoshorylated forms of NFAT4 in response to ionomycin, consistent with NFAT4
activation. In addition, NFAT activity was found in RCJ cells following iononmycin treatment, as indicated by increased transcriptional activity of an NFAT-luciferase reporter plasmid (Fig. 3B) . We then asked if a constitutively active, calcineurinindependent NFAT4 (∆NFAT4) could induce aggrecan gene expression. This protein lacks the amino-terminal regulatory region and has constitutive nuclear localization and transactivating properties (30, 31) . Interestingly, adenoviral transduction of ∆NFAT4 increased aggrecan gene expression in RCJ cells 2.5-fold (Fig. 3C) . Induction of aggrecan expression was not observed with a control β-galactosidase adenovirus. Also, transduction of the ∆NFAT4 into limb bud mesenchyme augmented chondrogenesis as evidenced by a 2-fold increase (P = 0.005) in the number of alcian blue staining cartilage nodules (Fig. 3D) . (Fig. 4A ). In addition, adenoviral transduction of dominant negative, kinase-inactive BMP receptors ALK6KR or ALK3KR (24)) caused a 80% and 60% inhibition of aggrecan gene expression in response to ionomycin (Fig. 4B) , respectively. Furthermore, Smad6, which inhibits BMP signaling, repressed ionomycin induced aggrecan expression by 50% (Fig. 4B) . These results clearly demonstrate that BMP signaling is required for aggrecan induction is response to ionomycin.
We showed that 1) the effect of ionomycin on chondrocyte differentiation requires both activation of calcineurin and BMP signaling and 2) the calcineurin substrate NFAT4 induces chondrogenesis and chondrocyte gene expression. These data suggest the hypothesis that calcineurin-dependent pathways induce BMP expression through NFAT4.
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